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An Investigation of A Maraging Steel
With Lover Ni and Co Contents

By
Tsai Chi-kung Chu Ching b Chung-chih
Shen Hui-wnng Lo Li-kenr Sung Wel-shun

and Tu Wei-lo
(Peking Institute of Iron and Steel Research)

Abstract

Our experiments Indicate that 12Ni mara~1ng steel containinp t-b and

Cr and with lower Ni and Co contents mnintnins high satrength and touiiness.

Observing the precipitation phases after aging ind the dislocation

confi.rations an d analysizing the easy cross-slip behavior of dislocations,

we try to discuss the results on an assumption that the hexagonal close-

packed phases were precipitated along the st.icking fault zone of the

dislocation lines. In order to predict the stability and solubility of high-

temperature austenit.e in mar-ing sioels, a criterion has been surgested

from the point of view of averane electron concentration per atom of the alloy.

The criterion i'l be found helpful for rational alloying of mra-Ing, steels

with lower Ni and Co contents.

(1)
In a previous article,the authors, based on the characteristics of

the dislocation structure in 1 Ni mararing steel, the form and structure 0"

the precipitation phases along the dislocation lines, the orient.tional

relationship of 'he precipitation phases and the matrix and some other

phenomena observed in experiments, have suggested an assumption that. the

fault zone along the dislocation lines in a body-centred cubic martensite

matrix, becaise of the existence of hexagnal close-packed littie structure,

Is helpful for the nucleation of hexagonil close-ncked precipitation phases.



This assumption can explain the fact that in aging, the hexagonal close-packed

phases Ni 3Ti and Ni3Mo precipitated out along the orientational pure spiral

dislocation lines of -.11> will be good for energy. Using this assumption,

some other phenomena observed in experiments can be explained, and from the

structural point of view, it can explain the Interaction of Co-Mo as well.

On this basis, this article is attempting, by using transmission

electron microscope to make further investigation of the precipitation phases

and dislocation configurations after acing of 12Ni mara-ing steel of which

Ni and Co are partially replaced with ?* and Cr; to analyze the characteristics

of the cross-slip behavior of dislocations; to apply the method used in the

study of high-temperature alloy of using the average electron hole number or

averape electron concentration successfully to predict the stability and

solubility of austenite to maraging steels; and finally to suggest a criterion

of average electron concentration. Through these studies, we intend to

suggest some useful knowledge for rational alloying of maraging steels with

lower Ni and Co contents.

1. Criterion of Average Electron Concentration

One important prerequisite for super-hi-h strenr'th and high toughness

of 18Ni maraging steel is that during the high-temperature solid solution

treatment, a full austenite structure containing great amount of such

strengthening elements as Mo, Ti and others can be obtained so that a

supersaturated full martensite will come out after cooling. %ut, if such

strengthening elements as Mo, Ti, Al, V, and Si are added too much, the result

will be Just the opposite. Because the solubility of avistenite matrix is

2



limited, along austenite crystal boundary or in the cryst,al there will be

undissolved
great amount ofA second phases, which are not only useless for are

strengthening, when break occurs, they often become the source of plastic

cavity and damage the toughness. On the other hand, till these stre',-thenitng

elements can help to close the gamma one, and After ' n\ t

matrix as the solid solution temperature is increased, they alwnys help to

form delta iron of high temperature ferrite. So aifter cooling, there will be

no full martensite structure. Therefore, the criterion of an al.proprinte

amount of tV'ese strengthening elements will be determined by the stability

of the austenitic bnse at high temperature and the solubility of the

strengthening elements.

In the study of hith tempernture alloys, someone1 - q, ba sed on phase

analyses and state diagrams, sun-rested a criterion of the averae electron

concentration of alloys of Ni and Co base. y using tvernge electron hole

number N per atom of d shell of an alloy or the avern,e electron number

of the outer shell (namely spd shell), the stability of nustenittc base at

hih temperature and the solubility of st.ren.thening elements Mo .ind Ti can

be determined. The formula of a\vr.;e outer shell electron nimber NO., d

which, as has been concluded in some writings, nt a temp4rture range of

80CPC-1200 0 C, can guarantee the stability or not over saturnted (solution

limitl ,A? austenite structure, will bet

For allay of Ni base,

,. 100, - T



For alloy of Co base,

N~',= 7.95016 10

T stands for Celsius temperature. This criterion can be expressed by the

average electron hole number R. Because the electron number filled in d shell

is 1 , the electron number of the conduction band is 0.66, so the relationship

between the electron hole number Nv of d shell and the electron number Nspd

of spd shell is:
iv t0 + 0.66 - N.O, 10.66 - N.,d

The relationship between high temperature alloys of Ni base and Co base

mentioned above can be extended to alloy of ferric base. According to the

conclusions of investicating ferric based alloys of different compositions

Lnd mara'ing steels and the result of analysizing X-ray high temperature

diffraction phases, we know that the average electron concentration limit for

austenite structural stability or saturation of ferric based alloys at a

temperature range of 800°C-1200°C is:

N.,, =7-75 + o0iQ 10 ; (00

Here T stands for Celsius temperature. The criterion of stability mentioned

above, if expressed by using average electron hole number, will be:

N, -2.91- 0 .1 0 (1200- T) (2)

Table 1 shows electron number Nspd of spd shell and electron hole

nvnber N. of d shell outside the atomic inertia gas nucleus of various alloy

elements. It must be pointed out that No and Cr of which the amount in an

alloy is usually large belong to the same family in periodic table, so they
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should have same Nap d (family number) value. But due to the fact that the

atomic size of Mo is obviously larRer than the average atomic radius of Fo,

Ni and Co, the solubility in austenite is therefore smaller than Cr. Becquse

of this kind of atomic size effect, the e'fective Nspd value of Mo in the

Table should be set as 2 in order to be in accordance with the experiment

result of solution limit, and the corresponding effective vnlue N. of electron

hole number of d shell should be 8.66. Althou'h other elements such is V, Ti

and Al also have the interference of atomic size eefect, it Is usually

neglected because the contents of them in an alloy are insignificant.

.ased on formula (1), it is possible to predict whether a designed alloy

composition can guarantee to have full nustenite structure in complete solid

solution at high temperature. Flor instance, to ruarantee a full nustenite

structure under 9001C, the averare electron concentration of the alloy is

required to be:

N.,, 7.75 ( 120-900) 8.05

Table 1
A3lo°y 1 I  ] " V^ ° w

ele r NseCO fN _ I Cr (Nb.Ta) (Zr.S,) - l

In Table 2, there are results of actual test of high temperature X-ray

dif~raction of some alloys. It oan be seen that when t!e average electron

concentration Nspd is lower than the boundary value NrsPd Iven in "ormula (1),

under the state of high temperature solid soluti,'n, there will be a great

amount of delta-iron but no full austenite structure. In the remaining

delta-iron zones after coolinf', there is no high diislooation density and



substructure, so after ar-ing, there wiill be no .inin a~ t-rton:th -id

high tourhness. It nhould be pointedi out. C.iat In tVe low solid solution

temperature zone (ror 9"mv~le 0OOC-QV"C. If 'he alloy plect-ron ooent.rition

Is insufficient (1nitly N30*--NO there c.in I%@ nt Vieo a.*me timue ,ieln-lront
not

sone anti trett m~iouit ,f second phoises or meta aam~ounds Viattrdold
only,

(such na "e.,ib) or ft),ore tasone of them. The conore will !'0 doternei by

the free energy-. of delt4i-iron ?lnd mt-l contpownds. -et"ronet m~ount of

mtnl eotpywiznds nor ipltn-in-%n Is good for t~io st.rongth and1 toi~he2. of

mnrning steel. So the criterion of avorn e eletn~n concentration mentioned

-%box-@ As ausef ul one fo'r desim-ing -Ind nkdjisting nllor Cmpoe'iti~ns.

Table. 2

A1oy C0mositions1~ hh to Q

1.8 T.6 t~-I - - - I -

C 7.1p4 1.2.48 V. 10 0.:9 10.2 itr b .1.4 vio - ia ,0 j,%~ Fe '

In the studky of roducin.- Ni andi Oc In m.-ra.-ng stooels, Mn antd C,~

wre of' low electron conc'ent.vit ion aire oft en iunok t~o subotitte for Vi and 00

which are of high alectron oonoentr ion. and oonnotliontly !110 vea~

electron concontraioti N. ofhe allo 1,eoriez low lni tie stability v

solubility of niistenitich' Ase under hdih temper!Ahire -Altso become low. V'ewd

tou the angle of' olectron cooncontration oriter ion, Ivirti tAl !-.xroase of

st.renrthening elerients 4ni 'rnd Cr. which -tro of low electron ooent.r.at ion.,

often does not hive the exireoted effect, nid on the ootitrnrv It a.-n da"\'Ov
t'otal

the tWWhness. Then theamunt of st.ron -t-honiv elements shoiald bo
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reasonably reduced and elements (such as Ti), which are o" higher

strengthening erfect, should be counted on more or some other strengrthening

should be nut into consideration.
means which does not depend on metal compound% Tor instance, in the Pollowini

we shall discuss the possibility of using high dispersion reversed austenite

strengthenin;.

2. The Characterist cs of the Easy Cross-slip Behavior

of Dislocation lines of Fe-Ni Martensite Matrix

Someone believes that the main reason that Fe-Ni martensite matrix has

higher tot47hness is due to the result that Ni helps to increase the fault

energy of the alloy and the width of dislocation bec-mes narrower, so cross-

slip becones easy to take place. If this is the case, the toughness will be

damaged when Co which can lower fault energy is added or especially when

Mn and Cr which can noticeably lower fault energy are used to substitute for

Ni and Co. But. our experiment results indicate otherwise. As shown in 7Iinire 1,

in our laboratory experiments of 12Ni maraing steel in which Mn 1.5% and

Cr 31 are used to substitute for Ni 6% and Co 51, the outcome shows a

combination of super-strencth and high tougfhness, 6 = l5-l )k !mm2 and

Klc = 320-42Okg/mm- / 2 . It thereby bec'mes known that the toughness of

Fe-Ni martensite matrix is not entirely determined by the width of dislocation.

The cross-slip is indeed a ruarantee that the body-centred cubic delti-

iron will not, have cold-short crack and that it Is a Frood deformation

control when the cold-short temperature is lowered. But the relationship

between cross-slip of spread dislocation and fault ener.cgy of pce-centred

cubic austenite, as mentioned above, cannot be simply applied to body-centred

cubic martensite under plastic state. In ?e-i martensite, when theI 7



Bu's vector* of a tilted
1MN4Ca3Crl bMen3&*ObT.O1A1

S 2N, Cr1a4u OSTO 4A! , -a
l0% - 1,N,.oSCo,40M4O, O5slocation Is Ill and its

0 ' IkSrCO3C(4 4 MoaS TO 2 7A1

a VN19Co34MO4 .0T 3M cross-slip is from (112) to

-|oU .......... (211) or (112) there cannot be

7 any press-bar dislocation. tecause

S .... a full 11slocation of w-ich the
0 - I it. Sbeloeewlno

fault enerry becomes wide because

20Aging Tt -o-I necessrily be something like in

tine ~~austenite thatmutbcea
become s

10. pressed bunch before itA cross-

llin1U_res" stant % slip, so when such elements as

Co, Cr and Tn which can lower
iure 1 The level of break tou-hness

and strencth of mara~ing steel fault energy are added, it will
containing Mn-Cr and with low
Ni-Co contents not block cross-slip and will not

dtmate the toughness either.

In theory, there is still another spreading dislocation confi-uration

'hich can block the cross-slip of the spiral dislocation "n a body-centred

cubic metal, but in experiments, suich a confi-uration has so far never been

seen. In our laboratory, from the stample of l8Nil9Co mara-ing steel, we saw

the traces of cross-slip of spreading dislocations under the efrect of

electron beam, as shown in Figure 2. The curve-lined traces pointed by the

arrow are the c-plements to dislocation lines or soreading dislocation lines

observed in experiment. They are exposed traces left over when the cross-

* Bu's is a Chinese transliteration. It may be a short form of Burpers
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slip of dislocation was in movement. They are dirferent from the straight-

lined traces seen in austenite stainless steel. These curve-lined trices

indicate that the cross-slip is continuous. We use electronic microscope to

make further observat-ion of the deformation structure of lPNi mara-vIng steel.

Fit-ure 3 shows its typical pic~ure. We can see many wave-like cross-slip

srraces. The wave-like slip l-*nes indicate that cross-slip can occur anywhere,

esnec-ally alone :e lar-e -rain nrecipitation phases, deeper .races of

wave-like slip terrices can be seen. This evidences that the dislocition lines

throu-h cross-slip will ro around larre -rain precipitation phses. So it is

not easy in front of the large -rain precipitation phases to produce high

d~slocation deposit stress which can cause crack alon- -reci;itation phase

or phase b-undary in early deformation. Certainly, the deep cross-slip

terraces mean that when the dislocation lines are passing around the lar-e

grain precipitation phases, an adapti.ve concentration occurs on the terrace.

This can cause crack in late deformation. So the concentration of lar-e

grain precipitation phases on crystal boundary or twin crystal boundary should

be avioded. In short, Prom our observation in exmerients, we know that it

is easy to have cross-slip of dislocation lines in Fe-Ni martensite matrix,

and the distribution of slip lines and deformation in the matrix is tierefore

relatively7 homogreneous. This is the reason why the touhness of maraclng

steel is high.

Because of 'he characteristics of cross-slip beha-Aor o the dislocation

lines in Fe-Ni maraging steel, it becones possible to use Mn and Cr which can

lower fault ener!-y to substitute for Ni and Co. In e-M and ?e-Co, there

are hexagonal close-packed phase zones, so within a ranqe of middle or low

temperature, the fault zone of martensite dislocation lines can b( spread

9



and stabilized. This fault zone is also a hexagonal close-packed lattice

zone. Thus when Mn is added to maraging steel, it can not only substitute

for Ni by a ratio of 1:2.5 to lower M point so as to guarantee the formtng

of martensite structure in large pieces but also can partially substitute for

Co to stabilize the fault zone of dislocation lines. Furthermore, it can

partially take the place of interaction of Co-Mo to rruarantee a combination

of high strength and high toughness. In a series of Fe-Ni-Cr, Cr has the sar-e

function. This can be used to explain the fact as shown in Fipute I that

in maraging steel, using Mn and Cr to substitute for Ni and Co can result in

super-strength and high toughness.

5. Discussion

5.1 The Control and Significance of the Precipitation on Dislocation Lines

On the matrix of body-centred cubic martensite are formed hexagonal

close-packed precipitation phases of different structure but not body-centred

cubic prolific phases of similar structure. Although it is different with

the homogeneous iso-lattice precipitation phase control of high temperature

alloy gamma', it gains high dispersity. As it can be seen in maraging steel,
isf

along pre-irecipitation zoneon Wespiral dislocation lines which orientate

(1)
along <111>. For explaing this phenomenon, we , in a previous articleA

suggested an assumption that in the fault layer of dislocation lines fn the

matrix of body-centred cubic martensite, there is a hexagonal close-packed

lattice zone. Figure 8 is a diagram of the formation and structure of the

assumed hexagonal close-packed lattice zone in the fault layer. The Figure

shove the orientation relationship in the matrix used by reversed austenite

and Ni3 No and Ni3 Ti which are nucleated according to this model. It must be

10



pointed out that this model dos not require a lAr-e C.'itlt. vidt.h. AooordjI nr
(1)

to the analvses of the expviiment, rvorult., In the previt 'un ArtioleAa-id t'his
one, tei model At Unait, oan be *tisAtrvuseI t~o explain the f'ollowing

experiment phenomenat in tUarrtne stools.

(1) The action of' Oo In stabilizing~ d&ipoentIon lines, .iid the d1ffrenov

of' action of' HM, Or Rnd Co which onn lowor fnult "norp.

(2) The Antoernot.ton of' Co-Mo.

(1)Tho preip it-Mtion o~'ntrol aloikz the Apirnl dl slocititon 111n0.

(4) Why the at.-bl. phnses preeip~titto on thep diskoontion linos -%I-

stlwnys hexagonAl cose-paokod Ni1Ti aint N1 jHo (fte'Mo is -Orto

hoxna-onnl rand tho rovorsed nistentte onn nlso bo iro,-nrA*A As

hexagonail clos*-rnokod lattlov with i'u t nd not 1hov-oont red

cubte prolifio phss which are of' stmilnr t uiewith imtrix.

(5) INe orientntion roblat~tonphip of' Ni.1T1, NIMok, tho revortsed nt-ni to

rind martens it.

(6 o tre peoo- la tt. Io inre p1 tnton stritfturp formedi sloiw f'oxr

Mrottotin of'(lll> typo.

M')W the strotit.honingj oefet, of'T iand R, which can for hovxtonAl

elope-pAcked phnses NI tTi and MN, o C ho highest. -nd th11

da-mage of' toughtioss io tho least#

5.2 The Rebitilonship of Aging Predpitation PhAse and Tempor Rrittloness

18NO9Co mArnging stool at, lower tompeorntre <2 and after m short

time aging viii hanve a certain degree of' hrtttleness. Nit af't.or A tr*Atment

of' normal aging temperatuire tand time, rollowitij -the separation o'f reclit.Atton

phase Anid the Improvement or st.Oonjtjj, t, toti.-hness will be acorJInrlv

pmmo toed. Iii some writ'#ga,'N"01 $k Miisaporvioo or brittleness tot of'ten
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aiustenite crystal boundiary. This kind orC britt tiess in usiinllv rprnade

An a result of Sb, P, Sn and An among Via tempar hrittienoss tomi~ormt iro

zonos cliustering at Via orlilnnl nitsteni te Or-stial tiunry to fo~rm~ bri tt I

thin lakyer nnd seriously lowering the conrulitbng st.ren.gth at, crist&l b'oinaryv.

The cow-re --ttion of nlloy filaments Mn mild Or at Via orrstAl lvtudary hsivp

to st.rengthen tiew aensitivitm of tie steel to t-emper brift~teness.

"cprimontse in our Inbornt,,ry show thnt wheon A s'All iAn' it.v of' "o~

(hiss than 21.',) in addedl in solidi polittion to the eninicp 'e.'iJt

mara -tng steel, tie temper bri ttlens c-innot. Ne not I onbalv' viiiished The

resuilt it; Ahown in l'bture Q. "Ait. If A oo'ieisiernblo aitW (,if Wk- ni TI Is

added to mairn-bwg steeafl so as to gwiarnintfie a relitonor -ront -tit~nt.

of' hexagonal. SCon -pneked 1 555,s 'IIm , Ni. MT Fuld trlvesAiiistpeiii t-P, af' or

a f.rentmnt of iiorm'ii neing . T1hon the tonmper N-tillnkss ('.,n be t'elonl ly

vinished -ind a oom'int ikon of' hirl sI rpivtVi itid 10hi h ~whiess will eome ott

(men ri~re 1). 12NI mArAfr ng St epl, ill wiih t!ln .a10 Or .1re ll."Pi to I'ArtinI c v

replace '\It atud C-,. n stud ed inl thys -A al , p r n ft i t of' low

temperntuire and s&>'rt-t ime* anl of a aeacrti iret~pe r ee

The result. Is P'own In Figure I0. 11w, An me~iItioned~ Abo', iffl ,I

treatment of' normal. au-np tigndi 71ret. famoinit, hexsvniial cIos..--v'AckP%1I hise NIA,4

mnd Ni 3 T have been precipitatedi otit, fl'e temper bi'ittloneas w'l 11 dsirPear

itid the crack tou-1inoss will lie i mirovvil *It b'msolu'Ioi~that CI ,It 'iolgh

in stoo~l the ex st.Pnac of a srail imoutnt. of siich oeenente s jr, I', 1% kft

Sn, whiah can onitse temper brittleness, In aIlevi t~blehuoiar.al

system of ci loyil nit n heat. treat-ment., It ipsat ill l~il'O to 1aVe A"-ilxg

work and precipiation phases Vhnt ciii hlock tho rrnlin n of' bri tllfn stAte

and tempeor brittleness (%.An IN avoided or Pleminatod.



a00*. s-p olto

~w "~ *OO'~801Nlut ion on',.m~i
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31 0 400 450 500 -S

r'ip~xwe rilTe action of temper brittleness when a amall rnnount or n,
(solid solution state) to Addod to V'e-NI-M it.nrinl steel.

320 of OM. 3+1R. 240 r oI
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O -- -F

4I40 460-- A - 20

4 4 0 4 6 00 5 2 0 ~~

Figure 10 The effect of ag~ing temperAture and aginty time to the
toughness of l2N14Co3Cr1. 5Mn m@Lrnv'in stoo~l

The phenomenon that the hsWagcnnl close-packed phrises,41I~o, MI1TI and

reversed austenite cnn noticeablyv eleminnte temNir brittlnes, Us A4ujet

worthy of f'urther studies.

*Atransli-teration of Ch I iei.
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6. Conclusions

(1) According to the method of using avera e electron hole number or

nverare electron concentration successfully to predict the stability and

solubility of high temperature austenite in the study of high temperature

alloy, we sug-gest an electron concentration criterion which can be anplied to

mara -ing steel as follows:

N.,9 7.75 + (.0 (-Q- - -T)

Here T stands for Celsius's temperature. Based on this, we would like to

point out the possibility and limitation of reducing Ni and Co contonts in

maraging steels.

(2) Our observation in experiments has evidenced the charncteristics

of easy cross-slip behavior of the dislocation lines In mnrna-ing steels.

Because in the matrix of body-centred cubic mnrtensite, the cross-slip of

tilted dislocations left no press-bar dislocation, the addition of Co,which

can lower fNult energy, will not obstruct cross-slip.

(3) O ur experiments slow that M, Cr and Co can all lower fault energ ° ,

but their action of stabilizing dislocation lines and action to hyTocrvstal

structure are different.

(4) Our experiments show that the aging precipitation phases of

12 Ni mararing steel which contains Yn and Cr and with low contents of Ni

a'id Co are similar with the phases of lNi9Co mara-ing steel. The main phases

are Ni3Ti (greatest amount), Ni jko and reversed austenite and some loCotion

oontains a small quaintity of 6-PeYo phase. The orientation of 'he bar-like

15



or bend-lk. precipitntion phaso of NI-4Ti nlonr four <111> Airoctions rorrm

siguag spac.-lattioe structure and veryv *rfoctive entwines tho disloation

lines of *AsV oroms-slip. So there is a ga in of higher strongtheninp efrot'c

(Ob = 180ktz/q 2) and a toughness reaches thev levol of 18NIOQ- Pteel (Ki&,-

()We discussed the hexpronal close-pAckod fault layer

nucleated an dislocatlon lines from the hxgvotnl close-packed phases. Ni lmo

and Ni Ti in maradrng steel. which was mug-gestod in our previotts Article

EBy this, a tow phenom In our experiments onn be exidaxined. nm At t~ie sAme

time we discussed the relatiotiship between the sepatration ofhexagnal oloso-

packed precipitAtion phases mvd temoper brit tleness.

In short, the result of our studyv of' marAging steels which ominin Mmi

And Cr And wi th lower c,,nt.Pnfs of Ki vnd (k%, provWdesa mmo1\a1 view of the

possibility of roducing the contents of Ni rind Co in murkring stoo~ls.
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